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Abstract 
There is a requirement to minimise wear between surfaces under high loads to increase the service life and operational reliability 
of machine and tool elements. Wear accounts for more than 50% of forging and machine tool damage, decreasing productivity 
and increasing production costs. This paper will compare and contrast the performance attributes of DLC, WS2, T800 and 
multilayered DLC-TiB2 and TiAlN–TiB2 coatings as potential wear-resistant coatings for use in high load applications. 
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1. Introduction 
The wear of surfaces has a direct impact on manufacturing 
efficiencies. Therefore, the aim is to reduce wear to a 
minimum in order to improve component lifetimes and 
thereby increase manufacturing productivity [1]. Over the 
years, there have been a number of solutions presented to 
address wear, with the development of low friction coatings 
such as diamond-like carbon (DLC) [2], or increase the 
hardness of surfaces with the use of nitride, boride or carbide-
based coating systems [3]. Carbon-based systems are 
attractive for industrial applications, where the unique and 
hybrid combination of layered graphite and strong sp3 DLC 
characteristics can be exploited. DLC coatings are typically 
formed via a PVD sputtering or a CVD process, using a 
plasma gas phase to incorporate carbon-containing species 
such as CO, CH4, C2H2 or CO2.  This results in a mixture of 
graphitic sp2 component and a diamond sp3 component. 
Alternative coating systems exist. Tungsten Disulfide (WS
2
) 
offers low lubricity, with coefficient of frictions (CoFs) of 
0.03 (dry), under extreme load and temperature conditions [4]. 
TiAlN has been extensively used in dry, high speed 
machining applications, attractive mainly due to its high 
hardness and excellent oxidation and wear resistant 
characteristics. T800 is an alloy composed of cobalt, 
chromium and molybdenum and is used to prevent galling 
between sliding surfaces where lubrication is arduous [4] and 
to prevent wear and corrosion. T800 is typically deposited by 
thermal spraying and is the only coating system discussed in 
this study that is not deposited by PVD.  T800 consists of 
about 50% hard metallic laves phase dispersed in a softer 
cobalt alloy matrix [5] giving the material wear bearing 
properties. Titanium diboride (TiB2) is a metal refractory 
ceramic material has been investigated by several studies 
because of its high hardness characteristics, high melting 
point and corrosion resistant properties [6]. The issues with 
TiB2 are its inherent brittle characteristics, which therefore 
limits its use in mainstream applications. To overcome this, 
studies have employed multilayering methodologies and 
combined TiB2 with either DLC or TiAlN. This paper will 
compare and contrast the results from both single and 
multilayer systems to further understand how such material 
systems can benefit the longevity of component parts. 
 
2. Wear of surfaces 
The progressive material loss from the surface of an operating 
body as a result of relative motion is termed wear. The main 
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reason for tool surface damage in hot and warm forming 
industries is attributed to wear impacting dimensional 
tolerance and surface product qualities. The rate and type of 
wear depends on three elements: substrate material properties, 
mechanical interactions and environmental conditions. There 
are two principle wear mechanisms namely abrasive and 
adhesive [7]. This is the most common type of wear 
encountered by industries and accounts for 50% of the total 
wear of surfaces. When material is removed or displaced from 
a softer surface of a body by asperities or protuberances of a 
harder surface, this is termed “two-body wear”. When surface 
wear (scratching, scoring or gouging) takes place by some 
form of free or discrete abrasive particles that are trapped or 
forced to slide between two opposing surfaces, the mechanism 
is termed “three-body wear”, Figure 1a. The abrasive wear 
rate depends on the type and magnitude of the loads acting on 
the surfaces, the size and shape of abrasive particles and their 
hardness, fracture toughness and composition of both the 
abrasive particles and the wearing body, relative velocity and 
rake angles applied to the particle interactions. Adhesive 
wear, Figure 1b, occurs when material is transferred from one 
surface to another due to local bonding and debonding 
between two contacting asperities during relative motion. This 
form of wear is favoured by surface cleanliness, lubrication 
state and surface material characteristics [7]. 
Figure 1 Basic mechanisms of wear. (a) abrasive wear leading 
to localised bonding and debonding due to shear forces (b) 
adhesive wear due to hard abrasive particles -  a form of three 
body wear [8]. 
3. Single-layer coatings to reduce friction 
The molecular structure of tungsten disulphide (WS2) 
consisting of two hexagonally packed sulphur layers 
sandwiched by a pane of tungsten atoms with interconnecting 
covalent bonds between the S-W-S atoms, enables it to 
exhibit self-lubricating characteristics. The rest of the 
structure is held together by weak van der Waals forces 
resulting in inter-lamellar mechanical weakness [9]. This 
results in intra-crystalline slip and transfer of the basal planes 
as they slide back and forth under a shearing force allowing 
for low CoFs and high lubricity. A study has compared and 
contrasted these characteristics to DLC and T800, which are 
typically employed in environments where surfaces are 
exposed to severe abrasion, wear and corrosion [4]. The 
formation of the high hardness laves phase and the resistance 
to corrosion comes from the high levels of molybdenum and 
chromium. The T800, deposited by plasma sparying, has a 
measured CoF of around 0.19 and a maximum service 
temperature of about 760°C. Hot hardness tests reveal its 
properties in contrast to DLC, deposited by PVD, which 
begins to fail at higher temperatures. Figure 2 shows the 
summary results from the study. Multiple scratches on the 
material surface with loads ranging from 10-100N reveals 
WS2 to have a CoF of 0.09, in contrast to 0.14 for DLC and 
0.18 measured for T800 [4]. All samples had thicknesses 
ranging between 10-20μm apart from T800, which had a 
thickness of around 50μm. Table 1 provides a summary of the 
results, including the hot hardness findings [4]. 
 
 
Figure 2. Hot hardness testing (20-600 oC) with a 0.5kg load. 
Table 1. A summary of the hot hardness tests and CoF data measured from 
DLC, T800 and WS2 
Material DLC T800 WS2 
CoF 0.14 0.18 0.09 
Hardness (HV) 307 618 302 
Service Temp 
(oC) 
400 600 500 
4. Multilayer coating systems to address wear  
Multilayers, formed by the deposition of alternating layers of 
different materials that are only tens of nanometers thick, is 
one method employed by several authors as a route to limit 
crack propagation in ceramic coatings. Typically, altering 
thickness of one material relative to another can vary the 
content and thus alter the characteristics, with one material’s 
properties dominating. When designing multilayer systems, 
there are a couple of considerations that need to be taken into 
account. The wavelength is defined as the sum of two layer 
thicknesses, in our case this is either DLC-TiB2 or TiAlN-
TiB2 and defined as TM and TTiB2, respectively. Thus, the 
content of one over another can be altered by varying the 
thickness and in the case of TiB2, the volume of TiB2 ceramic 
(VTiB2) is given by: 
  [1] 
4.1 The DLC-TiB2 coating system 
DLC is offered commercially as a low wear coating with 
friction coefficients below 0.01, but wear rates increase at 
higher temperatures. Thus, incorporating a metal-ceramic 
TiB2 as a multilayer system, the aim is to improve wear rates 
at higher temperatures, but also maintain low friction 
coefficients. A DLC-TiB2 multilayer system was thus 
designed and the performance attributes, measured via nano-
hardness and scratch test studies [2]. Table 2 shows the 
measured hardness and friction coefficients (CoF) of a DLC-
TiB2 multilayer system. The hardness result of a monolayer of 
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TiB2 has a hardness exceeding 24 GPa. The hardness is seen 
to increase inversely to the % of DLC, with the measured 
hardness of 28GPa approaching the value of a composite TiB2 
material. 
Table 2 The results of a DLC-TiB2 coating system, measured by altering the 
% DLC using eqn. 1, [2]. Film thickness is 2μm and bi-layer is 200nm thick. 
% DLC 
in TiB2 
Hardness 
(GPa) 
Critical 
loads (N) 
Average 
CoF 
25 22 15 0.43 
15 23 15 0.45 
10 24 >20 0.43 
5 28 15-20 0.47 
Additionally, increases in hardness for multilayered coatings 
could also be attributed to hardening effects due to the 
numbers of parallel interfaces to the substrate surface. The 
main mechanisms that can be employed to explain such 
behaviour are Hall–Petch hardening and Koehler hardening 
[10]. Friction coefficients of adherent DLC films range 
typically from 0.01 to more than 0.5, and depend upon the 
nature of the DLC film and the tribo testing conditions 
employed during testing [11]. Most frequently observed 
friction-controlling mechanisms, such as those found in DLC 
films, there is a build-up of a transfer film initially that allows 
for an easy-shear within the interfacial material. Generally 
speaking, friction at DLC interfaces may occur via a 
combination of short- and long-range chemical and/or 
physical interactions (i.e. covalent, van der Waals forces, 
electrostatic attractions, capillary forces, etc.). The source of 
the high coefficient of friction (CoF) measured in 
hydrogenated DLC films in vacuum has been attributed to the 
interaction of the “dangling bonds” of carbon atoms with the 
counter surface. There is general consensus for hydrogenated 
DLC films that this interaction is eliminated by hydrogen 
atoms bonding with carbon atoms on the surface, passivating 
the reactive surface [12]. Further work on DLC-TiB2 coatings 
with a DLC volume fraction ranging from 50% to 95%, shows 
hardness values varying from around 5 GPa (50% TiB2), to 
around 17 GPa (95% TiB2) [5]. It has been demonstrated that 
the number of interfaces, total coating thickness and substrate 
type all influence the measured hardness values and thus 
could account for the differences in the hardness values 
obtained in this study. Other studies investigating TiBC 
coatings have concluded that carbon preferentially bonds as 
Ti(B, C)2 and DLC only forms when the Ti(B,C)2 has become 
saturated [13]. This saturation decreases the hard TiB2 phase 
content and increases the softer carbon, lubricating phase. 
From wear measurements, a friction coefficient of better than 
0.2 has been obtained, lower than the values measured here.  
Figure 3 shows the variation in the hardness of a multilayer 
coating as a function of % carbon [6]. The TiB2 layer was 
deposited in Ar by PVD sputtering, whilst carbon was 
sputtered in an Ar 6.5% CH4 gas necessary to form SP3 
bonds. The % of carbon in the multilayer coating was varied 
by adjusting the bi-layer thickness, according to equation 1. 
As the carbon volume fraction is increased, the measured 
hardness decreases, with this decrease being attributed to the 
carbon layers not being load bearing but instead, behaving as 
a lubricant in a DLC - TiB2 multilayer system [6]. 
Figure 3. The change in hardness as a function of % carbon. The decrease in 
hardness is due to the carbon layers no longer being load bearing, but instead, 
are lubricious. 
 
Figure 4. A multilayer TiAlN/TiB2 coating formed on H-13 steel [3]. 
4.2 TiAlN – TiB2 coating system 
Titanium-Aluminium Nitride (TiAlN) offers high wear 
resistance with moderate toughness due to its face centered 
cubic structure. The combination of crystalline TiAlN with 
amorphous TiB2, deposited as a multilayer coating, greatly 
improves mechanical and wear resistance properties, which 
can be tailored during PVD sputtering. A multilayer coating 
designed to reduce wear on forging surfaces has been 
developed and fabricated by reactive PVD sputtering [3]. 
Figure 3 shows a conceptual cross-section of the structure 
fabricated. The multilayer coating thickness, bi-layer 
thickness and volume fractions of each phase have been 
varied and their effect on wear resistance studied. Table 3 
shows the sample compositions investigated, arranged 
according to the volume fraction of TiB2. 
Table 3. The set of experiments used to investigate the characteristics of 
TiAlN-TiB2 coatings [3]. 
Sample 
ID 
Coating 
thickness 
(μm) 
Bi-layer 
thickness λ 
(μm) 
Volume 
fraction 
TiB2 
VTiB2 (%) 
T22 10 1.3 41 
T29 8 0.4 34 
T33 
T21 
T20 
5.5 
18 
7 
0.35 
2.7 
2.4 
30 
25 
16 
4.2.1 XRD analysis 
X-ray diffraction studies conducted on the TiAlN- TiB2 
coatings, shown in Error! Reference source not found., 
shows the presence of (111), (200) and (220) peaks associated 
with TiAlN. The peak heights of the TiB2 phase relative to the 
TiAlN phase indicates the multilayer coating is predominately 
TiAlN. It has been determined from further in-depth research 
studies that the measured hardness of the coating is related to 
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height changes between the (200) and the (111) peaks [3].  
 
Figure 5. XRD analysis of the TiAlN-TiB2 multilayer coating system. 
4.2.2 Wear Testing 
A single pass scratch test under continuous progressive load 
ranging from 5 to 100N using a 5mm tungsten carbide 
indenter was performed to determine a critical load of failure. 
It is clear from the microscope image of the scratch shown in 
Figure 6 that a 17μm thick TiAlN-TiB2 film containing 34% 
TiB2 volume fraction there is little or no measurable wear 
present [3]. This indicates the brittle nature of TiB2 has been 
overcome using in a multilayer structure and optimizing the 
bi-layer thickness by incorporating a hard nitride phase of 
TiAlN. 
 
Figure 6. Single-pass scratch test results undertaken using continuous 
progressive loads from 5 to 100N of a 17μm thick film with 34% TiB2. Little 
or no wear in the sample is measurable. 
7. Conclusions 
Wear of materials is of concern in a number of applications, 
resulting in machine downtimes and lost productivities. It is 
understood that this needs to be minimised using coatings that 
are designed to operate in environments that are considered 
hostile. Single layer coatings offer some form of protection 
using DLC, however it is not intended for high temperature 
applications. On the other hand, WS2 has demonstrated low 
friction coefficients combined with high hardness values up to 
500oC. Multilayer coatings can be engineered to function in a 
variety of environments with differing performance attributes. 
We have demonstrated that the amount of DLC in a DLC-
TiB2 multilayer coating affects hardness, with the DLC layers 
being lubricious instead of load bearing. Equally, it has been 
demonstrated that the reactive PVD deposition of a TiAlN-
TiB2 coating can be engineered to have little or no measurable 
wear rates for in a 17μm TiB2-TiAlN thick film containing 
34% TiB2.  
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